Autism is a neurodevelopmental disorder with a strong genetic component, probably involving several genes. Genome screens have provided evidence of linkage to chromosome 2q31-q33, which includes the SLC25A12 gene. Association between autism and single-nucleotide polymorphisms in SLC25A12 has been reported in various studies. SLC25A12 encodes the mitochondrial aspartate/glutamate carrier functionally important in neurons with highmetabolic activity. Neuropathological findings and functional abnormalities in autism have been reported for Brodmann's area (BA) 46 and the cerebellum. We found that SLC25A12 was expressed more strongly in the post-mortem brain tissues of autistic subjects than in those of controls, in the BA46 prefrontal cortex but not in cerebellar granule cells. SLC25A12 expression was not modified in brain subregions of bipolar and schizophrenic patients. SLC25A12 was expressed in developing human neuronal tissues, including neocortical regions containing excitatory neurons and neocortical progenitors and the ganglionic eminences that generate neocortical inhibitory interneurons. At mid-gestation, when gyri and sulci start to develop, SLC25A12 molecular gradients were identified in the lateral prefrontal and ventral temporal cortex. These fetal structures generate regions with abnormal activity in autism, including the dorsolateral prefrontal cortex (BA46), the pars opercularis of the inferior frontal cortex and the fusiform gyrus. SLC25A12 overexpression or silencing in mouse embryonic cortical neurons also modified dendrite length and the mobility of dendritic mitochondria. Our findings suggest that SLC25A12 overexpression may be involved in the pathophysiology of autism, modifying neuronal networks in specific subregions, such as the dorsolateral prefrontal cortex and fusiform gyrus, at both pre-and postnatal stages.
Introduction
Infantile autism was first characterized by Kanner in 1943 , but the pathophysiological mechanisms underlying this disorder remain largely unknown. 1 Autism is a developmental disorder characterized by social deficits, communication abnormalities, repetitive and stereotyped behavior and impaired planning and attention. 2 It is associated with various degrees of mental retardation in about three-quarters of cases and with epilepsy in a third. 2, 3 Various biological factors, primarily genetic factors, are thought to be involved in autism, and multiple genetic loci have already been implicated. 4 Several studies have identified a potential autism susceptibility locus on chromosome 2q24-q33. 4 Two single-nucleotide polymorphisms (SNPs) in the SLC25A12 gene, located on 2q31, have recently been associated with autism, conferring a genotype relative risk of up to 4.8. 5 SNPs in SLC25A12 have been screened in four different family cohorts and association was confirmed in two of these studies, providing further evidence for the involvement of this gene in autism. [6] [7] [8] [9] SLC25A12 encodes the AGC1/Aralar1 protein, a calcium-binding solute carrier located in the inner mitochondrial membrane, critical for the production of adenosine triphosphate and expressed principally in adult human muscle, heart and brain. 10 We selected two brain regions-prefrontal cortex Brodmann's area (BA) 46 and cerebellum hemisphere lobule VI-for analysis by quantitative reverese transcription (RT)-PCR based on two criteria: energy requirements and functional dysregulation in autism. We hypothesized that SLC25A12 dysregulation would be detected in the brain subregions in which neurons have the highest energy demand. The two highest costs associated with neuronal activity are those relating to dendritic tree functioning and the propagation of axon potential along the axon, which is predicted to consume much of the energy of the neuron. 11 Comparative studies of pyramidal neurons in granular prefrontal cortex have shown that human neurons display much larger dendritic trees and, on average, up to 20 times as many dendritic spines as those in the primary cortexes. 12, 13 The maintenance of such dendritic complexity probably requires high levels of energy consumption. 14 We thought that SLC25A12 expression might be modified in prefrontal cortex pyramidal neurons in adult brain. Several postmortem studies have highlighted areas of anatomical abnormality in the autistic brain, with consistent findings observed in the limbic system and cerebellum. 15, 16 Abnormal brain functioning has been reported in autistic subjects, particularly in the cortical networks involved in social interaction, such as the medial and inferior frontal cortex, the medial and ventral temporal lobes, superior temporal sulcus, amygdala and cerebellum. 17, 18 We investigated the possible deregulation of SCL25A12 expression in autism, using mRNA extracted from post-mortem tissues from autistic individuals and controls, focusing on two regions: frontal cortex BA46 and cerebellum hemisphere lobule VI granule cells.
We also analyzed SLC25A12 expression during human brain development, searching for possible SLC25A12 molecular gradients in the brain gyri forming these neocortical regions at postnatal stages, corresponding to possible subregions with highenergy demand. We focused on two main developmental stages: 8 weeks and mid-gestation (19-23 weeks) . At 8 weeks, neuronal progenitors proliferate rapidly in the ventricular zone and the first postmitotic neurons have migrated to generate the cortical plate. In humans, neocortical interneurons are generated from two different compartments, with B65% arising from the ventricular zone, a lineage specific to primates, and B35% from the ganglionic eminence, a ventral telencephalic region that also generates subcortical neurons, such as striatal neurons. 19 It is therefore possible to determine whether a gene is expressed in one or both of these two key compartments: the ventricular zone and the ganglionic eminence. At mid-gestation (19-23 weeks) , the human neocortex starts to form regions, with the genesis of sulci and gyri. The cortical plate also becomes more organized, with the formation of cell layers IV-VI. 20 Neocortex parcellation into sulci and gyri is likely to require large amounts of energy, which may lead to differences in SLC25A12 expression in neocortical subregions. We used quantitative in situ hybridization for SLC25A12, to investigate molecular differences during this parcellation process.
Energy demands are likely to increase in gyri building local neuronal circuits during neocortex development. The functional activity of these neuronal circuits involves the elongation of interneuronal processes, such as dendrites. 21 Mitochondria play a key role in these differentiation events, and a high level of dynamism is observed in dendritic mitochondrial distribution, regulated by synaptic activity and correlated with synapse morphogenesis. 22 This raises the question of the possible involvement of SLC25A12 in dendritic outgrowth, which can be directly addressed by manipulating SLC25A12 expression levels by overexpression or silencing in mouse neocortical primary cultures and by measuring dendrite length and number.
We show here that SLC25A12 is more strongly expressed in the prefrontal cortical BA46 region in the brains of autistic patients than in controls. SLC25A12 expression was detected in the neocortical cortical plate containing the excitatory neurons. It was also detected in the ventricular zone and ganglionic eminences, two regions of the telencephalon known to generate the inhibitory interneurons of the neocortex. We identified a gradient of SL25A12 expression in the fetal medial and inferior frontal cortex. The inferior frontal cortex generates a region containing the mirror neurons involved in social cognition, which is known to be altered in autism. A second gradient was quantified in the fetal ventral temporal cortex, which generates the fusiform area, a region known to be involved in face recognition and to be functionally abnormal in autism. Finally, we showed that this overexpression of SCL25A12 resulted in an increase in dendrite length early in neocortical neuron development.
Materials and methods

Human brain post-mortem samples
Frozen post-mortem samples of human frontal cortex (BA46) and of cerebellum (lobule VI) from nine autistic patients and eight controls were provided by the Autism Tissue Program. The age, sex and post-mortem interval of individuals are presented in Supplementary Table 1. Brain samples of BA46 from bipolar patients (n = 33), schizophrenia (SZ) patients (n = 34) and controls (n = 34) were provided by the Stanley Foundation and have been described elsewhere. 23, 24 Additional samples from bipolar (n = 7), SZ (n = 7) and controls (n = 7) were obtained for BA11, BA22 and BA46, and have been described elsewhere. 25 
RNA extraction
We cut 20 sections of each individual brain, from BA46 (50 mm thick) and the cerebellum (8 mm thick), with a LEICA M3050S cryostat. Granule cells from lobule VI of the cerebellum samples were microdissected with the assistance of a laser, using an Arcturus PixCell instrument (Labstrade Inc., Miami, FL, USA). LMD 4.1 and IM1000 machines (Leica) were used for laser sectioning and image acquisition, respectively. Samples were collected and homogenized in Trizol reagent (GIBCO-BRL Life Technologies, Grand Island, NY, USA), treated with DNase I (Ambion, Austin, TX, USA) and processed according to the manufacturer's instructions.
Quantitative real-time RT-PCR analysis
Reverse transcription was carried out by incubating 20 ml of RT mixture containing 2.5 ml total RNA from human post-mortem tissue or 1 mg of total RNA from N18 cells, 200 U M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA), 0.5 mM of each dNTP and 6.25 mM random hexamers (Invitrogen) at 37 1C for 50 min. The cDNAs obtained were amplified by realtime PCR, using either Applied Biosystems probes (Hs00196245_m1 for NFL and Hs00186535_m1 for SLC25A12) or custom-made probes (PROLIGO) labeled at their 5 0 ends with a fluorogenic reporter dye (FAM) and at their 3 0 ends with a quencher dye (TAMRA). The sequences of the PCR primers and probes are given in Supplementary Table 2. PCR assays had a final reaction volume of 20 ml, and contained 2 U of Taq polymerase (Applied Biosystems, Foster City, CA, USA), 10 mM primers and fluorogenic probe. PCR was carried out over 40 cycles of 95 1C for 15 s, 60 1C for 1 min and 50 1C for 1 min. We used the Opticon2 sequence detection system (MJ Research/Biorad), with the Opticon Monitor software for data analysis. The NFL RNA sequence was amplified and used for the normalization of specific mRNA levels. Concentration ranges were constituted using serial dilutions of cDNAs from the whole human embryonic brain (8 weeks) from 0.1953 to 50 ng for both specific mRNAs and NFL mRNAs. Standard curves were constructed by PCR on these dilutions, to calculate the relative amounts of NFL mRNA and specific mRNA sequences in the experimental samples included in a given amplification reaction.
Prenatal human samples
Tissue samples from fetuses were provided by elective nontherapeutic abortion, with the informed consent of the parents, according to the recommendations of the local ethics committee. Tissues were fixed in 4% paraformaldehyde, embedded in paraffin and sectioned (5 mm). Four developmental stages were studied, corresponding to 8, 19, 21 and 23 weeks of gestation.
Probe synthesis and in situ hybridization
We used human and mouse cDNA clones from the RZPD Library corresponding to SLC25A12 (IRAKp961J0927Q2 and IRAKp961I1617Q2), AUTS2 (IRALp962I2117Q2) and PRKCB1 (IMAGp998D03 11490Q1). We synthesized 35 S-labeled riboprobes for SLC25A12 (human probe of 1990 bp and mouse probe of 1829 bp, linearized with BglII), AUTS2 (probe of 1171 bp linearized with BamHI) and PRKCB1 (probe of 608 bp linearized with SacII), using the P1460 riboprobe in vitro transcription system (Promega, Madison, WI, USA). Hybridization was carried out with both antisense and sense riboprobes, in the conditions described in a previous study. 26 No signal was obtained with sense riboprobes. Expression was quantified with a Biospace Micro Imager, using Betavision analysis software (Biospace Instruments). 27 Adjacent sections were stained with toluidine blue for histological examination.
SLC25A12-GFP constructs and shRNA vectors
The coding region of the SLC25A12 cDNA (2034 bp) was amplified by PCR from RZPD clone IRAKp961I1617Q2 using the following primers: forward 5
0 -GAGACTCGAGATGCGCGTCAAGGTGCATACAAC C-3 0 (XhoI site underlined) and reverse 5 0 -GAGAGGA TCCCGTTGGGCTGCTGCTGCCGCCTTGGG-3 0 (BamHI site underlined). The XhoI/BamHI digestion product of the amplicon was inserted into the multiple cloning site of the pEFGP-N1 (Clontech, Mountain View, CA, USA) expression vector, under control of the CMV promoter. Clones were verified by sequencing.
We silenced mouse Slc25a12 with shRNA vectors described elsewhere. 28 shRNA Slc25a12 and control shRNA (scrambled) vectors were obtained from the SIGMA clone library. The shRNA Slc25a12 used in this study was the TRCN0000069910 clone.
N18 cell line cultures and transfection
The mouse neuroblastoma N18 cell line 29 was cultured in Dulbecco's modification of Eagle's medium (DMEM) supplemented with 10% fetal calf serum, in 35 mm dishes. N18 cells were transfected with 800 ng of Slc25a12-enhanced green fluorescence protein (EGFP) construct or with 800 ng of Slc25a12-EGFP construct and 2400 ng of shRNA Slc25a12 vector, as described above. Immunocytochemistry analysis and RNA extraction were performed 24 h after transfection.
Primary cell culture, transfection and neurite analysis E13.5 mouse telencephalic neurons were dissociated enzymatically (0.25% trypsin, DNase), mechanically triturated with a flamed Pasteur pipette and plated on 35 mm dishes (8 Â 10 5 cells per dish) coated with poly-DL-ornithine (Sigma, St Louis, MO, USA), in DMEM (Invitrogen) supplemented with 10% fetal calf serum. Four hours after plating, DMEM was replaced with Neurobasal medium (Invitrogen) supplemented with 2 mM glutamine and 2% B27 (Invitrogen). In one experiment, primary neuronal cultures were transfected after 1 day in culture and analyzed on days 2, 3 or 4. In a second experiment, neurons were transfected after 2 or 3 days in culture and analyzed 24 h after transfection. Cells were transfected with the constructs described, above using Lipofectamine (Invitrogen), as described by the manufacturer. Neurite analysis was carried out with ImageJ software (Wayne Rasband, NIH).
Image acquisition and quantification of mitochondrial movements Mitochondrial movements were analyzed with mouse cortical neurons cultured as described above, cotransfected with Slc25a12-EGFP and DsRedMito or with pEGFP control vector and DsRedMito after 5 days in culture, with analysis on day 6. For time-lapse videomicroscopy, the medium was replaced with fresh phenol red-free DMEM medium. Cell images were taken with a cooled charge-coupled device (CCD), CoolSnap HQ (Roper Scientific), mounted on the Leica DM IRE2 microscope and a Â 100 oil immersion objective lens (N.A. 1.4, Zeiss). The cells were illuminated with a shutter DG4 illuminator. The intensity of DsRedMito-derived fluorescence along the processes of each neuron was measured, using a user-defined threshold, with MetaMorph software (Universal Imaging, West Chester, PA, USA). Cells were then maintained at 37 1C on the stage of Leica inverted microscope in an incubator containing 5% CO 2 (Saur). Fluorescent images were captured every 5 s, for 15 min, with the CCD camera. We analyzed the movement of individual mitochondria manually, using the SpotTracker plugin of ImageJ (Wayne Rasband, NIH). We used Mander's coefficient (R) for colocalization analysis using Mander's coefficient plugin of ImageJ (Wayne Rasband, NIH).
Immunochemistry
Cells were fixed by incubation at room temperature for 20 min, in 4% paraformaldehyde in phosphatebuffered saline (PBS). They were permeabilized by incubation for 15 min in 0.5% Triton in PBS and incubated for 40 min with 3% bovine serum albumin 0.5% Tween-20 in PBS. The cells were then incubated for 2 h with primary antibody (mouse monoclonal anti-MAP2, 1 of 250, Sigma) in 3% bovine serum albumin and 0.5% Tween-20 in PBS. Cells were washed three times with 0.1% Tween-20 in PBS and incubated for 1.5 h with the secondary antibody (Cy3-anti-mouse immunoglobulin G, 1 of 400, Sigma) in 0.5% Tween-20 in PBS. Finally, the cells were washed three times. Immunofluorescence was observed with a TCS_4D confocal imaging system (Leica Instruments), using standard FITC filter sets.
Organotypic hippocampal slice culture, transfection, image acquisition and analysis Rat organotypic hippocampal slice cultures were prepared as previously described. 30 Cultures were maintained for 11-12 days in vitro and were transfected with a gene gun (Bio-Rad, Hercules, CA, USA), according to the manufacturer's instructions. Plasmids, at a ratio of 20 mg pcDNA3.1-EGFP to 40 mg pSport-SLC25A12, or shRNA-SLC25A12 construct or empty vector were precipitated onto 10 mg of 1.6 mm gold microcarriers. We reproducibly obtained the transfection of 10-30 cells per slice culture and expression was stable until 7-8 days. Control experiments showed that all cells cotransfected with EGFP and pDsRed constructs expressed green and red fluorescence (n = 7). Two days after transfection, hippocampal organotypic cultures were submerged in a chamber perfused with an extracellular medium containing 124 mM NaCl, 1.6 mM KCl, 2.5 mM CaCl 2 , 1.5 mM MgCl 2 , 24mM NaHCO 3 , 1.2 mM KH 2 PO 4 , 10 mM glucose and 2 mM ascorbic acid, saturated with 95% O 2 and 5% CO 2 , pH 7.4, at 33 1C. Dendritic segments were imaged with a Â 60 water immersion objective, using a Visitron (Puchheim, Germany) spinning disk confocal system. Control experiments showed that repetitive imaging under these conditions did not affect the morphology or viability of transfected cells. Z-stacks of 50-200-mm-long dendritic segments were taken on the secondary and tertiary dendrites of pyramidal neurons and the characteristics of dendritic protrusions were assessed with Metamorph software (Universal Imaging Corporation, Downingtown, PA, USA). The parameters analyzed included spine density (included all protrusions) and length (measured from the limit of the dendrite to the tip of the protrusion), size of spine head (taken as the largest diameter).
Statistical analysis
Results for quantitative real-time PCR were analyzed using Student's t-test, analysis of variance and linear regression.
Results
Upregulation of SLC25A12 expression in the postmortem prefrontal cortex Quantitative real-time RT-PCR was performed on human post-mortem samples from a frontal cortical region (BA46) and on the granule cells of cerebellum hemisphere lobule VI to determine the levels of expression of SLC25A12, L1CAM and NFL. We used the mRNA level for NFL, a gene with bona fide neuron-specific expression, to normalize the mRNA levels of the other two genes (Figures 1a-d) . Relative transcript levels for nine autistic brain samples were compared with those for eight controls. SLC25A12 was more strongly expressed (P = 0.028) in the post-mortem frontal cortex of autistic subjects (241.2 ± 30.9) than in controls (157.5 ± 10.6) ( Figure  1a ; Supplementary Table 2) . No significant differences were observed in the relative levels of L1CAM mRNA (autistic subjects: 145.4 ± 35.6; controls: 118.4 ± 35.1). No difference in the level of expression of SLC25A12 in the granule cells of cerebellum lobule VI was found between autistic subjects (96.9 ± 25.7) and controls (96.1 ± 21.5) (Figure 1c ; Supplementary Table 3) . As for BA46, no significant differences were observed in the relative levels of L1CAM mRNA, (autistic subjects: 139.5 ± 29.8 and controls: 111.1±38.8) in cerebellum lobule VI. The two groups SLC25A12 expression and functional analysis A-M Lepagnol-Bestel et al differed significantly in age distribution but regression analysis showed that the levels of expression of the three genes were independent of age, sex and post-mortem interval (Supplementary Table 2 ). All the patients were homozygous for the risk SNPs rs2056202 (G/G) and rs2292813 (G/G), whereas two of the eight controls were heterozygous for these two polymorphisms. This finding is consistent with a causal role for autism-associated SLC25A12 allelic variants. These results suggest that SLC25A12 is upregulated in a specific area of the brain in autistic subjects. Genes encoding mitochondrial proteins have been shown to be deregulated in both bipolar disorder (BP) and SZ. 25, 31, 32 Together with SLC25A12 upregulation in autism, these findings suggested that SLC25A12 might be deregulated in BP and SZ. We used previously studied samples [23] [24] [25] to investigate SLC25A12 expression in three neocortical regions: orbitofrontal and mid-frontal gyri (BA11), mid-and inferior-frontal gyri (BA46) and the Wernicke's area of the temporal lobe (BA22). No statistically significant differences were detected by quantitative real time RT-PCR between the BP and SZ samples and controls (Supplementary Tables 4 and 5 ).
We also investigated whether this upregulation was specific to SL25A12 or whether other genes encoding mitochondria proteins were also deregulated in autism. We studied AK2, CASQ1 and NDUFV2, which encode mitochondrial proteins; NDUFV2 has been shown to be deregulated in BP and SZ. 25, 32 No significant differences in transcript levels for these three genes in BA46 and cerebellum were found between autistic and control samples (Supplementary  Tables 2 and 3). SLC25A12 expression in the human embryonic telencephalon Quantitative in situ hybridization was used to investigate the pattern of SLC25A12 expression during human prenatal development. This approach can be used to detect differences in expression between regions, and gradients of expression in a given structure. At 8 weeks, SLC25A12 expression was observed almost exclusively in the brain (Figure 2 ). The SLC25A12 transcript was detected in the central nervous system, including the telencephalon, hippocampal anlagen, mesencephalon and cerebellar anlagen (Figures 2a and b) . Interestingly, quantification of the radioactive signal in the Figure S1a1-a3) . SLC25A12 was equally strongly expressed in the cortical plate containing the postmitotic neurons and in the ventricular zone, in which precursor neurons divide (Figures 2c and d) . SLC25A12 was widely expressed in ganglionic eminences at this developmental stage (Figures 2a and b;  Supplementary Figure S1a1) . The SLC25A12 transcript was also detected in the spinal cord, adrenal medulla, kidney and liver (Figures 2a and b) . The pattern of expression of SLC25A12 in the central nervous system is consistent with its function of providing ATP-the chief energy source of the neurons-and an indirect role in both proliferating progenitors and postmitotic neurons.
We compared the expression pattern of SLC25A12 with that of other autism candidate genes, AUTS2 and PRKCB1. AUTS2, located on 7q11.2, has been identified as a candidate autism susceptibility gene, as it was found to be disrupted in a pair of autistic twins. 33 Rare variants of this gene have been identified in cases of autism. 34 Haplotypes of the PRKCB1 gene, located on 16p11.2 and encoding a protein kinase c-b, have recently been reported to be associated with autism.
35 PRKCB1 is expressed in cerebellar Purkinje cells and is involved in the induction of long-term depression in these neurons. 36 Like SLC25A12, AUTS2 and PRKCB1 were found to be expressed in the telencephalon, ganglionic eminence, cerebellum anlagen and, more weakly, in the medulla oblongata (Supplementary Figure S1) . We compared the expression of each gene between the different subregions (Table 1) . In contrast to the gradient of SLC25A12 expression along the anteroposterior axis (anterior-low, posterior-high), AUTS2 and PRKCB1 were uniformly expressed throughout the telencephalon (Supplementary Figure S1a1-c4) . SLC25A12 expression in the posterior telencephalon was five times stronger than PRKCB1 expression and 30 times stronger than AUTS expression (Supplementary Figure S2 ). Like SLC25A12, AUTS2 was strongly expressed, to equivalent levels, in both the cortical plate and ventricular zone. In contrast, PRKCB1 expression was restricted to the ventricular zone. SLC25A12, AUTS2 and PRKCB1 were all expressed in the cerebellum anlagen.
SLC25A12 gradients in the lateral frontal cortex and in the ventral temporal lobe at mid-gestation We investigated SLC25A12 expression in subregions of the neocortex, by examining human fetal brain sections taken at mid-gestation (19-23 weeks) ( Figure  3; Supplementary Figure S3) . At 19 weeks, SLC25A12 expression was restricted to specific telencephalic compartments, including the frontal and temporal neocortex, caudate nucleus and putamen (Figure 3) . It was also maintained in the ganglionic eminences ( Figure 3 ) and found in the cerebrocerebellum (Supplementary Figure S4) . SLC25A12 expression was strongest in the central part of the prefrontal cortex, between the superior frontal sulcus anlagen and the anterior rim of the Sylvian sulcus (Figure 3a) . (Figure 3b4) . Surprisingly, the SLC25A12 transcript was detected in the hippocampus anlagen at 8 and 19 weeks, but not in the hippocampus at 23 weeks (Supplementary Figure S3b2; c2) .
We again compared the pattern of expression of SLC25A12 with those of AUTS2 and PRKCB1 (Supplementary Figure S3b3-b4; c3-c4 and Table 2 ). Unlike SLC25A12, which was not expressed in the hippocampus, both PRKCB1 and AUTS2 were expressed in the dentate gyrus, CA1 and CA3 pyramidal cell subregions (Supplementary Figure S3c3, c4 ). PRKCB1 expression also followed a gradient, from the lateral temporal lobes to the ventral temporal regions generating the fusiform gyrus and parahippocampal gyrus, reminiscent of the gradient described for SLC25A12 at 19 weeks (compare Supplementary Figure S3b3 with Figure 3b ). In contrast, AUTS2 expression was weak in these regions. Like SLC25A12, PRKCB1 and AUTS2 were expressed in the ganglionic eminences, caudate nucleus and putamen nuclei, which were identifiable at this developmental stage (Figures 3a and b; Supplementary Figure S3b2-b4) . We therefore observed two molecular gradients of SLC25A12 expression: a twofold difference between the superior frontal sulcus anlagen and the anterior 
Pattern of Slc25a12 expression during mouse brain development
We compared the patterns of SLC25A12 expression in human and mouse brains. Embryonic day 14 (E14) in mice has been likened to the developmental stage corresponding to 8 weeks of gestation in humans. 37 At E14, Slc25a12 was strongly expressed in both the cortical plate and ganglionic eminence of the mouse telencephalon (Supplementary Figure S5a) . These data are fully consistent with the pattern of expression at 8 weeks in humans (Figure 2 and Supplementary Figure) . The hippocampus matures postnatally in rodents, whereas it develops prenatally in primates. [38] [39] [40] We observed Slc25a12 expression in postnatal mouse hippocampus (P21), whereas the Slc25a12 transcript was not detected in the 23 weeks human hippocampus (Supplementary Figure S5b) , consistent with the relative developmental periods. In addition, no molecular gradient of Slc25a12 expression was observed in the mouse brain.
Effect of Slc25a12 overexpression and silencing on dendrites at pre-and postnatal stages In studies of post-mortem BA46 sections from autistic patients and controls, we found that SLC25A12 was significantly more strongly expressed in autistic patients than in controls, and we observed SLC25A12 Identification of a molecular gradient in the lateral prefrontal cortex. SLC25A12 transcripts were also detected in the ganglionic eminence (ge), caudal nucleus (nc), putamen (p) and internal capsule (ic). B(a-d) Identification of a molecular gradient in the future fusiform gyrus of the ventral temporal cortex. SLC25A12 transcripts were also detected in hippocampus anlagen (hipp) and future parahippocampal cortex (para hipp). Note peaks of gradients in lateral prefrontal neocortex (Ad) and in the future fusiform gyrus (Bd), respectively. *P < 0.01; **P < 0.001. 41 Pyramidal cells have a longer apical dendrite and basal dendrites. We focused our analysis on pyramidal neurons (Figures  4a-c) . In the first experiment, cortical neurons were plated on E13, transfected on day 1 in culture 1 (DIC1) and analyzed on DIC2, DIC3 and DIC4. We analyzed the effects of overexpression (Figure 4d ) or silencing (Figure 4e ). On DIC2, neurons overexpressing Slc25a12 had significantly (P < 0.05) longer (68.4±7.5 mm, n = 24) apical dendrites than neurons transfected with the control EGFP vector (39.8 ± 5.5 mm, n = 11). On DIC3, neurons overexpressing Slc25a12 had significantly (P < 0.05) shorter (239.7±49.0 mm, n = 7) apical dendrites than neurons transformed with the control green fluorescent protein (GFP) vector (467.2 ± 73.0 mm, n = 12) (Figures 4b  and d ). On DIC4, neurons overexpressing Slc25a12 did not survive whereas neurons transfected with the control GFP vector had apical dendrites three times longer than on DIC3 (1682.3±139.9 mm, n = 6). For silencing experiments, we selected an efficient shRNA plasmid on the basis of Slc25a12 expression change in a mouse neuroblastoma cell line (N18). Slc25a12-GFP was overexpressed in these cells and we quantified changes in Slc25a12 transcript levels and EGFP fluorescence intensity as an indicator of Slc25a12-EGFP fusion protein levels (Supplementary Figure S6) . On DIC2 and DIC3, silenced neurons had significantly (P < 0.05) shorter (107.3 ± 17.9 mm, n = 10 and 371.5±73.5 mm, n = 11, respectively) apical dendrites than neurons transfected with the control scrambled shRNA (205.5 ± 28.1 mm, n = 12 and 660.8±107.6, n = 11, respectively) (Figures 4c and  e) . In contrast, 3 days after transfection with shRNA (DIC4), silenced and control neurons did not differ significantly in apical dendrite length (shRNA value: 765.5±95.3 mm, n = 12; scrambled value: 657.9 ± 105.7, n = 6) (Figure 4e) . In a second experiment, cells were transfected on DIC2 or DIC3. Both the overexpression and silencing of Slc25a12 resulted in a decrease in apical dendrite length. For Slc25a12 overexpression, apical dendrite length was significantly shorter on DIC3 (195.3±13.6 mm, n = 12 vs 382.7 ± 52.5 mm, n = 14 with P < 0.01) (Figure 4f) , whereas for Slc25a12-silenced neurons, it was significantly shorter on DIC4 (567.9±62.6 mm, n = 14 vs 984.5 ± 194.7 mm, n = 7 with P < 0.05) (Figure 4g) .
Finally, we also investigated the effects of Slc25a12 overexpression and Slc25a12 knockdown on the ex vivo postnatal cortical network constituted by hippocampal organotypic slices from postnatal day 6 rats. 30 Two days after the transfection of slices, neuronal morphology was studied by confocal imaging. In the majority of pyramidal neurons overexpressing Slc25a12, no detectable change in the organization of dendritic arbors was found. However a small proportion of Slc25a12-transfected cells showed signs of toxicity, such as enlargement of soma, dendritic swelling and excessive protrusion growth (25%, 3 of 12 neurons). Neurons in slices transfected with wildtype Slc25a12 (n = 9) had similar numbers of dendritic spines and these were similar in size to those observed in EGFP-transfected control slices (n = 7) (protrusion density: 0.98 ± 0.08 per micrometer for Slc25a12 vs 0.99 ± 0.05 for EGFP only; spine length: 1.13±0.03 mm vs 1.04±0.05 mm; spine head width: 0.66 ± 0.02 mm vs 0.6 ± 0.02 mm). In contrast, shRNASlc25a12 expression modified the dendritic spine morphology without obvious dendritic arbor changes. The length of spine was significantly increased by Slc25a12 knockdown (n = 5; 1.38 ± 0.17 mm) compared , expressed as a percentage, according to the ratio of pEGFP and scrambled shRNA controls, respectively. The differences between Slc25a12-EGFP and EGFP samples, and between shRNA-Slc25a12 and scrambled shRNA were significant on DIC2 and DIC3 (*P < 0.05). On DIC4, Slc25a12 overexpression was toxic and Slc25a12 repression lost its effect. (F, G) Representation of the second experiment. Note that neurons were transfected on DIC2 or DIC3 and analyzed 24 h after transfection (DIC3 and DIC4, respectively). Quantitative analysis of EGFP-labeled apical dendrites in neurons overexpressing Slc25a12-EGFP (F) or with shRNA-Slc25a12 silencing (G), expressed as a percentage, according to the ratio of pEGFP and scrambled shRNA controls, respectively. The difference between Slc25a12-EGFP and EGFP samples is significant on DIC3 (**P < 0.01) and the difference between shRNA-Slc25a12 and scrambled shRNA is significant on DIC4 (*P < 0.05). 
Functional analysis of Slc25a12 overexpression on mitochondrial trafficking in cortical dendrites
We investigated the functional deregulation induced by SLC25A12 overexpression in autism, by studying the effects of Slc25a12-EGFP on mitochondrial trafficking in the dendrites of neocortical neurons in SLC25A12 expression and functional analysis A-M Lepagnol-Bestel et al primary culture. Slc25a12-EGFP fully colocalized with DsRedMito, a marker targeted to the mitochondrial matrix (Mander's coefficient R = 0.972 ± 0.011 for DsRedMito vs control EGFP, with n = 14; R = 0.995±0.020 for DsRedMito vs Slc25a12-EGFP, with n = 20; P < 0.05) ( Figure 5a ). As previously described in primary cultures of cortical neurons, dendritic mitochondria displays processive and oscillatory movements in both directions in dendrites, at a speed of 6.5 ± 0.5 nm s
À1
. 42 We calculated that the mobility of mitochondria stained with dsRedMito following dsRedMito/ Slc25a12-EGFP cotransfection was 14.9 ± 3 mm s
(n = 16), whereas that after dsRedMito/pEGFP control vector transfection was 8±1.3 mm s À1 (n = 22). Slc25a12 overexpression therefore significantly increased the velocity of the mitochondria (P = 0.03) (Figure 5b-d) .
Discussion
Autism-specific SLC25A12 overexpression in the BA46 prefrontal cortex region SLC25A12 was overexpressed in the BA46 of the prefrontal cortex of autistic subjects. The levels of expression of the genes studied were independent of age, sex and post-mortem interval, in patients, controls and both groups considered together. The expression of only one of these genes, SLC25A12, was significantly higher in post-mortem prefrontal BA46 cortex specimens from nine autistic patients than in eight controls. Samples from the same individuals showed no significant difference in expression of this gene in the cerebellar granule cells isolated by laserassisted microdissection. These results are limited by the number of cases that we were able to study and by the restricted number of brain regions studied. Despite these limitations, our results support the hypothesis that SLC25A12 is more strongly expressed in an adult brain subregions involved in social interaction in autistic subjects than in controls. Our quantitative real time RT-PCR results for human post-mortem brain tissues suggest that SLC25A12 is overexpressed in only part of this system.
We analyzed possible changes in the expression of AK2, CASQ1 and NDUFV2, encoding mitochondrial proteins, to discriminate between a primary change in SLC25A12 expression linked to a particular allelic form of the SLC25A12 gene in autistic patients and a compensatory increase in SLC25A12 transcription due to an abnormal demand for cortical energy in autistic brains. No changes were detected, suggesting that SLC25A12 overexpression may be linked to a particular allelic form of this gene. No SLC25A12 upregulation was detected in brain samples (BA11, BA22 and BA46 subregions) from bipolar and SZ patients, consistent with SLC25A12 overexpression being specific to autistic disorders. This overexpression in BA46 of the dorsolateral prefrontal cortex (DLPFC) may be associated with the changes in prefrontal cortex structure and function reported in patients with autism. Regionally, the frontal lobes are the most enlarged in autistic patients. 43 Cell columns are more numerous in the brains of autistic patients, and are smaller and less compact in their cellular configuration in BA9 of the DLPFC. 44 Functional magnetic resonance imaging has shown that these prefrontal structures are associated with impaired executive functioning, relating to working memory and attention in particular. 45, 46 Diffusion tensor imaging has demonstrated differences in long-distance frontoparietal connections between autistic subjects and controls. 47 These results are consistent with the local deregulation of networks involved in working memory and attention, with a possible increase in local connectivity and a selective loss of long-range connectivity. 48 Different expression patterns for human SLC25A12 and its mouse ortholog We found that SLC25A12 was expressed mostly in the brain during human embryonic and fetal development. However, this restricted pattern of expression changes after birth, as high levels of SLC25A12 expression have been reported in skeletal muscle, heart, pancreas and kidney in adults, with low levels of expression observed in the brain. 10 Furthermore, the neuronal regions expressing SLC25A12 (or Slc25a12, the mouse ortholog) seem to differ in mice and humans. In particular, we observed no expression of this gene in the human hippocampus at 23 weeks, whereas strong expression was detected in the mouse hippocampus both before and after birth. 49 Our results and published data show that the spatiotemporal regulation of human SLC25A12 expression evolved from that for the mouse ortholog, as already described for other encoding neuron-specific proteins. 50 A prenatal pattern of expression in regions involved in social cognition Quantitative ISH revealed the existence of three gradients of SLC25A12 expression in the developing neocortex, which we were able to measure. At 8 weeks, a decreasing gradient of expression from the posterior to the anterior of the telencephalon was observed, similar to that reported for several transcription factor genes, such as TBR1, EMX1 and LHX2, and for genes encoding the EphA family of receptor tyrosine kinases in fetal macaque brain. 51 At mid-gestational stages, two molecular gradients of SLC25A12 expression were observed, in the lateral frontal cortex and in the ventral temporal cortex. These two gradients were not found in expression analysis for two other candidate autism susceptibility genes, AUTS2 and PRKCB1, demonstrating the specificity of these gradients. The formation of higherorder cortical areas and circuits is a robust feature specific to the primate brain and not observed in mouse brain. 52 The lateral frontal cortex gradient was located in a region responsible for generating the DLPFC, including the BA46 and pars opercularis of the inferior frontal gyrus. The DLPFC is functionally abnormal in children with autism spectrum disorders (ASDs). [45] [46] [47] The pars opercularis of the inferior frontal contains mirror neurons. 53 Mirror neurons, activated during goal-directed actions and the observation of such actions performed by others, are impaired in individuals with ASDs. 54 The ventral temporal cortex gradient of SLC25A12 expression is located in the area that generates the fusiform gyrus. This region is known to mediate social perception in the visual domain and to be differentially activated in autistic patients as a function of gaze fixation. 55, 56 High levels of SLC25A12 expression in some gyri may help to optimize cortical circuits, in agreement with the strong expression of Slc25a12 in tonic active neurons in mice. 49 Dendritic phenotypes in relation to SLC25A12 contribution to autism Gradients of expression for genes encoding proteins involved in energy demand may be important for the development of cortical networks. We observed that overexpression or silencing of SLC25A12 had a direct impact on dendritic outgrowth, respectively, increasing or decreasing the mean length of the apical dendrite, on mitochondria traffic in dendrites and dendritic spines morphology at postnatal stages. Cytoskeletal proteins play a critical role in neuronal development, including roles in growth cone motility and dendrite outgrowth. 57, 58 Microtubules, neurofilaments and associated proteins together regulate dynamic polymerization and transport to generate axon, dendrites and branch outgrowth. Microtubules and actin filaments require ATP for their polymerization, especially at the motile end of the growth cone. The mitochondria provide the ATP that leads to dendrite outgrowth. This ATP production is impacted by SLC25A12 expression in cell cultures and in mice where tonic active neurons strongly expressed Slc25a12 and increased ATP production. 49, 59, 60 The complex array of cytoskeletal proteins maintain dendritic morphology and allow the movement of organelles, including mitochondria, within the cytoplasm from the soma to the periphery of cell. It is important to note that we observed a significant increase velocity of mitochondria in the context of neurons overexpressing SLC25A12.
Silencing experiments indicate that shRNA can reduce at least by half the Slc25a12 transcript levels, mimicking Slc25a12 haploinsufficiency. In contrast, Slc25a12 overexpression cannot be easily measured in single neurons. We cannot exclude that part of the observed effects are indirect and mediated by cell pathology mechanisms induced by disruption of the protein organization of the inner membrane of mitochondria where SLC25A12 products are inserted. Further experiments will be needed to address these questions. Whatever the involved mechanisms, our results point to the importance of a normal SLC25A12 gene dosage in cortical neurons.
A possible pathophysiological autism model involving SLC25A12 misregulation SLC25A12 overexpression in specific brain gyri may affect development and cognitive functions in the brain. Energy provision via SLC25A12 is involved in three key mechanisms of normal brain developmentsulcus formation, dendritic outgrowth and synaptic plasticity-which might be particularly important in autism frequently considered as a neurodevelopmental disease. 61 However, cognitive brain disorders such as autism, are typically pleiotropic, and multiple genes are thought to be involved. 4 The identification of subtle interactions between several genetic effectors will require additional approaches, such as the generation of genetically modified mice. 62, 63 The generation of mouse models with different levels of expression of genes of interest, including SLC25A12, should make it possible to identify the phenotypic consequences of candidate gene deregulation for simple phenotypic traits potentially related to autism.
